Abstract-We measure the mode dependent loss (MDL) of a few-mode fiber (FMF) using an improved microwave interferometric technique. A frequency-swept microwave signal modulates a filtered optical incoherent source that is injected into the FMF under test. During propagation, the microwave signal carried by the various modes experiences different losses and delays before interfering at the photodetector. The fiber MDL, between mode groups, is computed from the interference pattern by measuring two different fiber lengths under the same excitation condition. This technique relies on the dominant excitation of the fundamental mode and therefore can measure high values of MDL.
I. INTRODUCTION
T HE exponential growth of Internet data traffic is pushing optical telecommunication networks, mainly composed of single-mode fiber links, to their capacity limit [1] . Mode division multiplexing (MDM) using few-mode fibers (FMFs) has been proposed as a promising solution to solve the anticipated network capacity crunch [2] . FMFs have a discrete number of spatial modes, usually less than ten spatial modes, that can be used as data carrying channels to scale the capacity of optical networks [3] .
In order to improve FMF designs, and consequently system performance, FMFs need to be carefully and accurately characterized including the important characteristic of mode dependent loss (MDL). During propagation, different modes can experience different losses and minimizing MDL is required in order to maximize the useable spatial paths, and consequently the information carrying capacity of MDM systems [4] , [5] .
Characterization of a FMF, including MDL, usually requires measurement of the fiber mode transfer matrix, for example using swept-wavelength interferometry (SWI) [6] , [7] . In these works, the MDL of the entire MDM system, including the optical fiber, multiplexer (MUX) and demultiplexer (DeMUX) stages, were measured. The impact of the MUX and DeMUX stages on the MDL measurement can be significant. In FMFs, linear mode coupling scales with propagation distance and is inversely related to the modal effective index difference [8] .
Assuming that this coupling can be neglected for propagation lengths of a few kilometres [9] , MDL measurement between mode groups of FMF does not require characterization of the whole mode transfer matrix with its associated complex and expensive measurement setup. A straightforward way to determine MDL is to excite fiber modes one at a time using a spatial light modulator (SLM) [11] , [12] , and then measure the MDL using the cutback technique. The main difficulty of this technique is that it requires a high extinction ratio of the undesired modes.
Recently, we proposed a microwave interferometric characterization technique (MICT) for measuring the differential mode group delay (DMGD) of FMFs [12] . The microwave signal modulates an incoherent optical source, consisting of a wavelength-tunable filtered amplified spontaneous emission (ASE) that is subsequently injected and propagated in the FMF. The DMGD is extracted by detecting, on the photodetector, the interference between the microwave signals carried by the fiber modes as a function of the microwave modulation frequency. In [12] , the main experimental limitation was due to the use of butt coupling to excite/receive the modes. This mode excitation technique was not accurate enough to extract parameters other than DMGD.
In this letter, we improve and extend the capability of the MICT. We perform mode excitation with a stable free-space setup that includes a spatial light modulator (SLM) to allow excitation of different modes with controllable power ratios. With additional improvement to the signal processing, this technique now allows measurement of both DMGD and MDL between mode groups. After discussing the measurement principle, we present the characterization of an inverse parabolic graded index fiber (IPGIF) [13] , which supports up to three mode groups. Results show that the MICT presents several advantages such as the potential to resolve vector modes, MDL measurement with a high dynamic range (∼ 35 dB), simultaneous measurement of both DMGD and MDL, and be independent of MUX/DeMUX modal crosstalk.
II. MEASUREMENT PRINCIPLE AND
EXPERIMENTAL SETUP Fig. 1 shows the experimental setup used to measure the MDL of the IPGIF. An ASE source, filtered by a tunable optical bandpass filter, is used as an optical source (filter bandwidth of 0.114 nm). A Mach-Zehnder modulator (MZM) transfers the microwave signal onto the optical signal. The modulated light is collimated and sent to the free space coupling setup where a phase-only SLM is programmed to generate the desired modes as described in [14] , where phase holograms are used to generate arbitrary complex fields. In particular, a diffraction grating is programmed in the SLM (Hamamatsu X10468) to encode the complex field in the first diffraction order. Since the SLM is polarization sensitive, a polarizing beam splitter (PBS) is placed before the SLM, while the half wave plate (HWP) and quarter wave plate (QWP) combination acts as a free space polarization controller to generate a circular polarization at the fiber input so that we excite all spatial modes of a given mode group. Finally, a 6-axis stage couples light into the fiber. The total input coupling loss, including modulator loss, was estimated to be 15 dB, of which 3 dB are due to the fact that the broadband source is not polarized. The power injected in the fiber was approximately 2 dBm. After propagation, the light is sent to a photodetector (PD, New Focus 1444, 10 GHz bandwidth) with a highly multi-mode fiber pigtail (MMF, 50 μm core diameter), via butt coupling. A vector network analyzer (VNA, Agilent N5230A) sweeps the modulation frequency and records the fiber frequency response. The frequency responses of MZM and PD were calibrated out before starting the measurements.
The measurement principle follows from the derivation in [12] . We excite N modes in the FMF, of which the optical field of the fiber mode n at the fiber output can be written as:
where n ( f ) is the power spectral density of the filtered ASE source at the fiber input, φ f is the phase of the optical carrier with frequency f , and m is the modulation depth of the signal at the MZM output. The mode power loss after propagation through a fiber length L is L n = 1 − η n where η n is the transmission of mode n. Equation (1) has three terms: the first term is the optical carrier at the optical frequency f , and the next two terms are the modulation sidebands at frequency f ± f m , where f m is the frequency of the microwave signal. The group delays are written as
where f 0 is the center frequency of the filtered ASE source, and
If the coherence time of the filtered ASE source (70 ps for the 14 GHz optical filter) is much shorter than the DMGD (in the present case few ns), there will not be any interference between modes and the detected photocurrent,
2 , will be a linear summation of the signals modulated on the fiber modes, i.e., there is no optical interference between the optical modes. If we now neglect power fading (D n f m ≈ 0), we obtain the frequency response of the FMF as function of modulation frequency f m :
where
f is the optical power of the mode n at the fiber input. From (2), we can write the radio frequency (RF) power spectral density as:
In (3), C T represents the RF power of the DC term, which is proportional to the optical power squared, while C nk represents the RF power of the beating term, which is proportional to the product of the optical power of the two modes. Also, τ nk is the time delay difference between modes n and k:
Fourier analysis on the measured |H ( f m )| 2 will, according to (3), lead to peaks located at τ nk with RF power normalized to the electrical power of the DC term that will be given by:
To reduce the number of peaks and avoid overlaps, we will predominantly excite the fundamental mode. Therefore, assuming that the optical power of the 1 st mode is dominant, (5) can be simplified as:
where m n represents the normalized RF power of the peak associated to the beating of mode n with the fundamental mode. By measuring the RF power spectrum for two fiber samples, long and short with length difference δ L, under the same mode excitation condition, we can factor out 
Considering that the modal loss (in dB) for the fiber length δ L is
, we obtain the power attenuation coefficient of mode n expresses in dB/km:
. This measurement of modal loss requires that the modal loss of the fundamental mode α 1 be already known as discussed in Section III.
III. EXPERIMENTAL RESULTS
In the experiment, we measure the MDL of the IPGIF that supports three mode groups and six vector modes: {HE 11 }, {TE 01 , HE 21 , TM 01 }, {HE 31 , EH 11 }. The fiber refractive index profile is shown in the inset of Fig. 1 , and a detailed description of its characteristics can be found in [13] . This fiber was designed to maximize the effective index separation so as to favor the propagation of stable orbital angular momentum (OAM) modes constructed by the linear combination of the degenerate even and odd vector modes. In this experiment, the longest fiber length was 634 m.
Firstly, using the free space optics coupling setup, we generated the fundamental mode only (the HE 11 vector mode with circular polarization) and measure its loss by cutback. We measured the optical power at the fiber end using an optical power meter. Using the VNA, we also captured the microwave interference signal and its FFT, shown in Fig. 2 , confirms the quality of the fundamental mode excitation. The extinction ratio of the beat signal with the first mode group was found to be larger than 25 dB.
Next, we programmed the SLM to excite the IPGIF modes with different power ratios and we measured the spectrum of the interference pattern for the longest fiber length (634 m). The FFT of the frequency response, measured by sweeping the microwave frequency from 1 GHz to 10 GHz, is shown in Fig. 3a . The three peaks of the second order mode group (TM 01 , HE 21 and TE 01 ) are clearly visible. However, for the third mode group, the two distinct peaks cannot be easily discerned (this mode group is close to cutoff). 
TABLE I IPGIF MODE DEPENDENT LOSS
Subsequently, we cut the fiber at the two red crosses in Fig. 1 , and we fusion spliced the remaining two fibers. The piece of fiber that was cut had a length δ L = 424 m. The fusion splice point does not influence our measurements; it is very close to the receiver and the differential propagation delay is negligible. With the SLM, we now excite once again the fundamental mode alone and measure the optical power at the fiber end with the optical power meter to determine the MDL of the fundamental mode: 4.1 dB/km. We then repeat the measurement of the microwave interference pattern on the shorter fiber length (210 m). Fig. 3b shows the resulting spectrum. We can now clearly observe the two peaks of the third mode group (HE 31 and EH 11 ). However, the two peaks of the second mode groups have merged, since they have very close time delays. From the average peak height measurement and using (8), we calculate the MDL for the second and the third order mode group as shown in Table I . In [13] , fiber loss of 8.6 dB/km was measured without knowledge of the excited modal content, which confirms the importance of selective mode excitation to properly measure FMF loss.
IV. DISCUSSION AND CONCLUSION
The key advantages of the MICT is the possibility to measure high MDL values compared to the conventional cutback method for which the maximum measured MDL is limited by the purity of the mode excitation technique. To illustrate how the cut-back technique is limited by the residual power in the fundamental mode, Fig. 4 shows the modal loss measurement error of the cutback technique as a function of input extinction ratio. We define EXT1 to be the fundamental mode power divided by the desired mode power at the fiber input. For each EXT1, we find the modal loss measurement error, in dB/km, as a function of the modal loss η 2 of the higher order mode being measured. The fundamental mode is assumed to have zero propagation loss. Fig. 4 shows that measurement of high mode loss requires mode excitation with high purity. For example, an extinction ratio of −40 dB is required to measure a 30 dB/km mode loss with an error lower than 0.4 dB/km.
In contrast, in the MICT, all modes are simultaneously excited and the fundamental mode power is required to be dominant (main assumption of (6)) since we detect its interference with the higher order mode under test. Rather than fighting the fundamental mode and trying to reduce its power as much as possible, the MICT uses the fundamental mode to enhance the desired detected signal. It is the general principle of coherent techniques and, in the present case, the fundamental mode acts as a "local oscillator."
To illustrate this aspect, Fig. 5 shows the mode loss measurement error with the same conditions as in Fig. 4 (note that here EXT2 refers to the power ratio of the mode under test to the fundamental mode at the fiber input, the latter one being assumed lossless). Fig. 5 shows the larger tolerance of the MICT to variations in mode excitation purity, even when the mode loss is large. This results in a large dynamic range for MDL measurements. MICT requires that the difference in modal group delay be sufficient to separate the peaks which can be compensated by transmitting over a longer fiber length provided that mode coupling remains negligible. The technique is therefore especially well-suited for fibers developed for MDM applications targeting MIMO-free or reduced MIMO transmissions over tens of kilometers. Furthermore, compared to a time of flight approach, the MICT provides a higher dynamic range in modal loss measurement since it relies on the beating of the desired mode signal with a strong fundamental mode. In general, the MICT assumes that the intrinsic modal propagation loss is much larger than the coupling to other mode groups. If this is not the case, the RF power peaks will broaden and optical power leaking to other modes will appear as additional loss included in the measured α n , which should be interpreted as the total propagation loss, including both intrinsic modal loss and power loss due to coupling to other modes.
In conclusion, we extended the measurement capability of the MICT to allow MDL measurements between mode groups of few mode fibers. We investigated and demonstrated the technique with a FMF having a mode group close to cutoff that exhibited large MDL. This technique will be a useful tool for the characterization of FMFs developed for MDM applications. With longer fiber lengths, in which the peaks associated to each vectorial modes would be well separated, this technique could even be used to measure the MDL of the fiber vector modes.
